Sport fishes at the apex of aquatic food webs are indicators of mercury in the environment. 2
bioaccumulation. It may be noted that fish growth models are typically non-linear and they are 13 often analysed using more complex non-linear models such as Gompertz and von Bertalanffy 14 growth functions (Gamito 1998; Katsanevakis and Maravelias 2008) . However, for easy 15 interpretation of model parameters such that they effectively capture latitudinal variation in 16 growth and mercury bioaccumulation, we assumed a linear relationship by log-transforming both 17 response and predictor variables. All model comparisons were done using Akaike Information 18 where, represents mercury concentration found in fish i collected at latitudinal zone l during 3 time period t, and implies fish length, which is the predictor variable. and are 4 latitudinal zones and temporal periods, respectively, which are the random effects in the 5
LMEMs. The parameters inside the parenthesis together form the random slope coefficients, 6 which indicate the magnitude of bioaccumulation for a given latitudinal zone l, and temporal 7 period t. These random slope coefficients when compiled together forms a 'bioaccumulation 8 index' for each unique set of random factors and their combination (i.e. spatial, temporal, and 9 spatiotemporal effects). In summary, for each fish species the bioaccumulation index derived 10 from the LMEMs describes variation in mercury bioaccumulation across either latitudinal zones, 11 temporal periods, or a combination of latitudinal zones and temporal periods. 12
Climate Data: To provide an environmental context for the long-term bioaccumulation trends, 13 climatic conditions in Ontario were summarized for 45 years using temperature, 14 growing degree-days and precipitation measure. Specifically stated, the reason for including 15 broad-scale climatic trends was to deduce the potential role of growth dilution in modulating fish 16 mercury bioaccumulation. The data were sourced from Environment Canada's historical climate 17 data website (http://climate.weather.gc.ca/index_e.html). The website provides climate 18 information for each station at daily, monthly, and annual intervals. As with spatiotemporal 19 trends of bioaccumulation, climate trends were captured across 5-year periods for each of the 20 three latitudinal zones. There were a total of 9 temporal periods with the earliest being 1970-75 21 and ending at 2010-15. Within each latitudinal zone, stations with complete climate data were 22 used to characterize the climate trends. However for many stations complete climate data 23 spanning the entire 45-year period were not available, which resulted in the selection of very few 24 compatible stations. Thus, three weather stations each were selected for south (Trenton, Ottawa 25 and Glasgow) and mid (Chalk, Sudbury and Kenora) latitudinal zones, while for north only two 26 weather stations were available (Sioux and Moosonee). In summary, average daily temperature 27 and precipitation were estimated for each 5 year period and latitudinal zones, while number of 28 growing degree days were estimated as the cumulative number of days when average daily 29 temperature was above 5 ºC. 30
Role of growth dilution:
The long-term (40 years) nature of fish mercury data implies both 1 spatiotemporal and temporal trends in mercury bioaccumulation are likely to be influenced by 2 changing climatic conditions, particularly given the increasing temperature conditions. To 3 deduce this, we first explored LMEM-derived bioaccumulation indices to see if the rate of 4 change in temperature and growing-degree days for the three different latitudinal zones explain 5 observed spatiotemporal bioaccumulation trends in Walleye and Northern Pike. We 6 hypothesized that warmer temperatures are likely to increase fish growth rates resulting in 7 increased growth dilution and eventually leading to overall decreases in bio-accumulated 8 mercury levels. Thus, if growth dilution due to temperature driven variation in fish growth rates 9 is the primary mechanism, then latitudinal zones experiencing the greatest rate of increase in 10 temperature conditions are likely to show the sharpest decline in mercury levels compared to 11 latitudinal zones experiencing relatively modest rates of increase. Unlike spatiotemporal trends 12 in mercury bioaccumulation, temporal trends without any spatial variation capture mercury 13 bioaccumulation pattern during the 40-year warming period. We further examined whether the 14 observed temporal bioaccumulation trends in Walleye and Northern Pike were explained by 15 growth dilution in a warming climate. Specifically, we hypothesized that if growth dilution is 16 due to temperature dependent variation in growth rates, then species that show increase in 17 growth rate with temperature will show a decreasing trend in mercury bioaccumulation with 18 increasing temperature conditions as warmer temperatures are expected to strengthen growth 19 dilution. On the other hand, species that show decrease in growth rate with temperature will yield 20 an increasing bioaccumulation trend with increasing temperature as warmer conditions are now 21 expected to weaken the effect of growth dilution. In order to detect this species-specific 22 difference in growth dilution, estimation of growth rate based on fish age is necessary. To this 23 end, we made use of another database with age information -the broad-scale monitoring (BsM) 24 database. The BsM program was developed largely to standardize data collection and manage 25 fisheries at broad-scales for the entire Province of Ontario by sampling a representative number 26 of lakes every 5 years. The first such sampling cycle covered the years 2008-2012, which we 27 avail to estimate growth rates of Walleye and Northern Pike. 28
Next we used a space-for-time substitution approach, wherein BsM data covering Ontario were 29 first used to capture latitudinal variation in both growth rates and mean mercury levels. The 30 latitudinal variation captured the underlying difference in growth dilution due to varying 31 temperature conditions, since latitude and temperature show strong inverse correlation. 1 Specifically stated, the broad latitudinal coverage of BsM data spans temperature conditions that 2 range from warm southern lakes to cold northern lakes, and this apparent temperature gradient 3 serves as a template to test the role of variation in growth dilution, which can then be substituted 4 for time to explain temporal trends (Figure 2 ). We chose space-for-time substitution approach 5 over a more direct estimate of temporal variation in growth rate because latitudinal gradient 6 captures temperature differences more consistently than a temporal sequence of years, thus 7 providing a stronger basis to test the role of temperature-driven variation in fish growth rates. 8
Latitudinal variation in growth rates were estimated using linear mixed-effects models (LMEMs) 9 with latitudes as random effects, such that the random slopes are latitude-specific estimates of 10 growth rate. In summary, the additional LMEM's were fitted to Walleye and Northern Pike data 11 to capture their growth rate. 12 It may be noted that unlike in the analyses of mercury bioaccumulation where fish length was 20 used to capture trends in space and time, fish mass is used here in the analysis of growth dilution. 21
We maintain this distinction for three reasons: 1) mercury levels in fish are typically reported 22 using fish length as the primary covariate and most studies on mercury bioaccumulation trends 23 are based on standard fish length, 2) growth rates are sensitive to fish length as a predictor, 24 especially when comparing growth rates and consequent growth dilution between fish species 25 (i.e., Walleye & Northern Pike) with distinct body forms (Tom Johnston personal 26 communication), and 3) fish length and mass are highly correlated with R 2 > 0.9 for both species 27 (Supplementary Figure S1) , thus effectively allowing either to be used as a proxy for the other 28 29
Results 1
The long-term monitoring program spanning 40 years resulted in 49,690 Walleye 2 samples and 32,636 Northern Pike samples. Among the four models of fish mercury 3 bioaccumulation, the full model that combined spatial, temporal, and spatiotemporal interactions 4 was the best fit with lowest AIC values for both Walleye and Northern Pike (Table 1a &b) . 5
Models of spatial effects and temporal effects alone had poor fits and high AIC values, whereas 6 the model with spatial and temporal effects together had a better fit with lower AIC values. 7
Within the best-fitting full model, much of the large-scale variation in mercury levels was 8 captured by the random grouping factor representing space-time interaction effects. This is 9 evident from the substantially larger intra-cluster correlation coefficient (ICC) estimates of 0.735 10 and 0.672 for Walleye and Northern Pike, respectively (i.e. ICCLatZones:Period inTable 1a &b). In 11 mixed effects models where data are typically divided into different clusters or groups, ICC 12 describes the amount of variance explained by a grouping factor relative to the total variance 13 explained by all grouping factors involved and amount of residual within-group variance. 14
Analysis of fish mercury in the context of climate:
Estimates of random slopes from the full 15 model, indicating the magnitude of bioaccumulation (i.e. bioaccumulation index in Figure 3a 0.19). Overall, both species seem to be bioaccumulating mercury at an increasing rate in the 24 relatively colder latitudinal zones of mid and north, while in the warmer southern latitudes rate of 25 bioaccumulation seems to be decreasing. Unlike spatiotemporal trends that appear similar overall 26 for both Walleye and Northern Pike, a purely temporal perspective (i.e. time as the only random 27 factor) highlights an interesting dissimilarity with contrasting trends in bioaccumulation: 28 Walleye bioaccumulation trends declined over time, whereas Northern Pike showed a strong 29 increase (Figure 3c ). Unlike the bioaccumulation trends, climate variables showed an overall 30 12 increasing trend (Figure 3d -f), and this was particularly consistent in the case of average daily 1 temperature (β = 0.044; R 2 = 0.96) and growing degree-days (β =6.3; R 2 = 0.83). As expected, 2 the overall average (i.e. the intercept) of annual mean temperatures and growing degree-days 3 decreased with increase in latitude. However, it is worth noting that the rate of increase (i.e. the 4 slope) was greatest in northern latitudes (βtemp = 0.06; βgdd = 7.3) followed by mid (βtemp = 0.04; 5 βgdd = 5.9) and southern latitudes (βtemp = 0.034; βgdd = 5.6), thus suggesting that northern 6 latitudes are warming at a faster rate than southern latitudes. Average daily precipitation, like 7 temperature and growing degree-days, showed a generally increasing trend with time, with 8 northern latitudes recording highest rates of increase. However, there was substantial variation 9 during the 45-year time period as evident from the generally lower R 2 values of precipitation 10 compared to those of temperature and growing degree-days. Also, average daily precipitation 11 was on the whole greater in southern Ontario relative to mid and northern regions. 12
Latitudinal variation in growth rate : The BSM data overall comprised of 3159 Walleye and 13 1699 Northern Pike samples collected from lakes across Ontario ranging from 44.5 ○ N to 55 ○ N 14 (Figures 4a,b) . LMEMs testing for latitudinal variation in growth rate with fish age as the 15 predictor yielded significant results for both Walleye and Northern Pike (Table 2 ). This is 16 evident from the high ICC values associated with growth rate LMEMs. Moreover, latitudinal 17 variation in growth rates highlighted interesting difference between the two species. Stated 18 specifically, the random slopes describing latitude-specific growth rates showed a negative 19 relationship with latitude in Walleye suggesting growth rate decreased with latitude, whereas the 20 mean latitudinal mercury levels showed a weak positive correlation with latitude (Figures 5a,c) . 21
Northern Pike, on the other hand, showed a positive relationship between latitude and growth 22 rates as well as between latitude and mean mercury suggesting both growth rates and mercury 23 levels increased with latitude in Northern Pike (Figures 5b,d) . 24
Test of growth dilution: Correlation analysis of mean mercury against random slopes describing 25 growth rates showed an overall negative relationship for Walleye suggesting growth dilution 26 (Supplementary Figure S2-A) . In sharp contrast, Northern Pike showed no evidence of growth 27 dilution, and instead revealed a positive relationship between mean mercury and growth rates 28
(Supplementary Figure S2-B) . However, the correlations were not significant and correlation 29 coefficients were very low for both Walleye (Pearson's r = -0.06, p-value =0.33) and Northern 30 13 Pike (Pearson's r = 0.11, p-value = 0.08), which implies variation in growth rates fails to explain 1 variation in mercury levels in either species. In summary, the space-for-time substitution 2 approach revealed contrasting growth rate-temperature (i.e. latitudes) relationships between 3
Walleye and Northern Pike, however there is substantial variation in the estimates of both 4 growth rates and mean mercury levels at a given latitude (i.e. temperature), which resulted in the 5 poor correlations between growth rates and mercury levels. 6 7 Discussion 8
In our analyses of fish mercury levels using LMEMs, the best fitting model was comprised of 9 spatial, temporal and spatiotemporal interactions as random effects; and among these factors, 10 spatiotemporal interactions captured much of the variation. It is thus evident that mercury 11 bioaccumulation in both Walleye and Northern Pike not only varies spatially across Ontario's 12 lakes and freshwater waterbodies, but is also contingent on the time period. Both Walleye and 13
Northern Pike bioaccumulation index exhibit fairly complex spatiotemporal patterns across the 14 40-year time period and three latitudinal zones. There were interesting similarities such as both 15 species showed overall increasing bioaccumulation trends for north and mid latitudes, whereas 16 south latitudes revealed a decreasing trend. There was also substantial variation among the 5-17 year time periods, as evidenced by the low R-square values for most latitudinal zones, except for 18
Northern Pike in the north and Walleye in the south (Figure 3a,b) . Such temporal variations in 19 fish mercury levels have previously been reported from long-term studies (Chalmers et al. 2011; 20 Monson et al. 2011; Gandhi et al. 2014) . However, unlike these previous studies, which 21 generally show a declining trend in both north and south latitudes, our findings showed 22 increasing trends in north latitudes, as was the case for Northern Pike, and in mid latitudes, as 23 was the case with Walleye. The reason for this difference in fish mercury trends is perhaps 24 because our definition of bioaccumulation index differs substantially from previous studies that 25 typically measure the rate of change in mercury levels over time. highlighted that fish mercury levels are increasing lately, and this increase is particularly evident 6 in northern populations of Walleye and Northern Pike (Gandhi et al. 2014) . Much along these 7 lines, our results show an increase in our mercury bioaccumulation index in north and mid 8 latitudinal zones for the most recent time periods (Figure 3a,b) . This recent increase in fish 9 mercury levels is speculated to be climate change induced (Gandhi et al. 2014 ). However, as we 10 shall soon discuss, a comprehensive picture of bioaccumulation trends in the context of climate 11 change, suggests complex dynamics that are not easy to generalize. 12
From a climate change perspective, temperature and growing degree-days showed consistently 13 increasing trends across all latitudinal zones over the 45-year period, while in comparison, 14 mercury bioaccumulation trends varied substantially among the latitudinal zones for both 15
Walleye and Northern pike. We hypothesized that the magnitude of growth dilution would be 16 positively correlated with rate of warming, such that latitudinal zones with the highest rates of 17 warming would relate to the greatest decrease in fish mercury bioaccumulation. Only Walleye, 18
showed clear evidence of a decreasing trend in mercury bioaccumulation, and this was restricted 19 to the southern latitudinal zone, where relatively slower rates of warming were recorded. It may 20 also be noted that estimated rates of warming did not vary significantly among the three 21 latitudinal zones -though this is perhaps a result of the limited availability of long-term weather 22 data in mid and north latitudinal zones. The implication of nearly similar rates of rising 23 temperature, however, is that temperature driven growth dilution may not be perceived very 24 differently among the latitudinal zones, and therefore it is surprising that the latitudinal trends in 25 mercury bioaccumulation do not show the same general pattern. This lack of a general pattern 26 perhaps suggests of the potentially confounding role of other ecological factors such as 27 methylation. Specifically stated, methylation rates may have increased lately, especially in 28 northern latitudes, since methylation in cold northern latitudes is known to occur during the ice-29 free season when the soil and ground are not frozen (Stanley et al. 2002; Stern et al. 2012) and 30 northern latitudes are experiencing a more prolonged ice-free season compared to southern 31 latitudes as a consequence of warming climate (Schindler et al. 1990; Dugay et al. 2006) . Thus 1 the observed increasing trends in fish mercury levels in the relatively colder north and mid 2 latitudes is possibly due to the potentially increasing methylation rates in higher latitudes. 3
Besides temperature, precipitation is known to affect the amount of methylmercury in lakes and 4 waterbodies via surface run-offs from surrounding catchment areas (Rudd 1995) . Precipitation in 5
Ontario showed a clear increasing trend in time for all three latitudinal zones with northern 6 latitudes showing greatest rate of increase in time. Such increased precipitation, especially brief 7 intense periods of rainfall can result in enhanced methylmercury levels in lakes (Matilainen et al. 8 2001; Balogh et al. 2006) . Thus when one considers combined effect of both longer ice-free 9 season and increased precipitation, it is quite apparent that lakes and waterbodies in northern 10 latitudes are likely to end up with greater amounts of methylmercury and consequently higher 11 fish mercury levels over time. In short, the observed latitudinal bioaccumulation trends are due to 12 a complex set of factors that go beyond growth dilution alone. 13
Unlike spatiotemporal trends of mercury bioaccumulation, the temporal trends estimated using 14 time period as the only random effect showed contrasting species-specific patterns. lengths. Thus, our results are perhaps partly due to the inclusion of the entire range of body size 27 variation, which adds more variability to the growth rate-mercury covariation compared to 28 standardized fish lengths. Nonetheless, the latitudinal variation in growth rates and mercury 29 levels showed interesting results, which deserve further discussion. 30 16 Walleye showed a negative latitudinal growth rate and positive latitudinal correlation with 1 bioaccumulation suggesting growth rates are likely to increase while bioaccumulation decreases 2 with increasing temperature. Previous studies have similarly shown a negative relationship 3 between latitude and growth rates in walleye (Quist et al. 2003; Lavigne et al. 2010) . In sharp 4 contrast, for Northern Pike, both growth rate and mean mercury levels showed weak positive 5 correlation with latitude, which suggests that for Northern Pike both growth rate and mercury 6 bioaccumulation are likely to increase with decreasing ambient temperature. Our findings differs 7 from a previous broad-scale analysis of Northern Pike data, where rate of growth was negatively 8 correlated with latitude (Rypel 2012). Moreover, Rypel's study also reports the presence of a 9 strong counter gradient in growth variation (i.e. potential to adapt growth rate in response to 10 variation in growing period length) when length-at-age was normalized by growing degree-days, 11
suggesting growth in circumpolar fish like Northern Pike is highly variable, and growth rates can 12 potentially increase at higher latitudes to make up for the reduced growing season. 13
Latitudinal trends in growth rate and mercury levels, however, do not convey the full picture as 14 both Walleye and Northern Pike showed substantial variation in growth rate and mercury levels 15 for any given latitude. This is evident from the low correlation coefficients associated with 16 latitudinal variation in growth rate and mercury levels, suggesting local factors operating at the 17 lake-level have a stronger influence compared to latitude-specific temperature conditions. In a 18 previous study by Simoneau et al. (2005) Walleye populations from different lakes showed 19 evidence of growth dilution, however this was largely driven by lake-specific variation in growth 20
rates. Similarly, a study on mercury contamination in Northern Pike from 19 Boreal lakes 21 showed a high degree of inter-lake variation that was due to lake-specific variations in water 22 chemistry, prey mercury contamination, and landscape-level disturbances in surrounding 23 catchment areas (Garcia and Carignan 2000) . In the light of these findings, it is perhaps not 24 surprising that strong latitudinal variation in growth rates and mean mercury levels translates into 25 very weak temperature-driven growth dilution effects. This is evident in Walleye, where the 26 space-for-time substitution results suggested that growth rates can potentially increase with 27 temperature, and mercury levels tend to decrease with temperature. These opposing patterns do 28 not translate into a consistent growth dilution effect with warming temperatures due to the 29 presence of a high degree of latitudinal variation in both growth rates and mercury levels in 30
Walleye, thus resulting in the observed weak growth dilution. 31
Unlike Walleye, Northern Pike showed the opposite of growth dilution with an overall positive 1 correlation between growth rates and mercury levels. The complete absence of growth dilution in 2 Northern Pike relative to Walleye's weak presence of growth dilution is worth noting as it 3 suggests growth dilution is unlikely to play a modulatory role in Northern Pike's mercury levels. 4
It is not entirely clear how increase in growth rate results in higher mercury levels in Northern 5 Pike, but it is possible that consumption of highly contaminated food can result in the 6 disproportional addition of mercury relative to biomass. Differences in feeding habits, habitats, 7 and predatory behavior might explain some of the observed difference between Walleye and 8
Northern Pike growth rate-mercury correlation. These differences in feeding ecology might also 9 explain the observed contrasting mercury bioaccumulation trends in time between Walleye and 10 Northern Pike. Studies have reported such disparity between Walleye and Northern Pike in 11 mercury loads as a result of dissimilarities in the feeding habits of these two co-occurring fishes 12 (Mathers et al 1985; Wren et al.1991) . 13
Our study demonstrates how a simple bioaccumulation index derived from mixed-effects models 14 can capture broad-scale patterns of fish mercury bioaccumulation. The index reveals the complex 15 nature of mercury bioaccumulation when both spatial and temporal variations are combined (i.e. 16 spatiotemporal trend) relative to the purely temporal trend. Furthermore, the science and 17 application of ecological indicators now increasingly point to limitations in capturing the 18 complexity of environmental systems and ecosystem responses to various anthropogenic 19 stressors using a single indicator species (Carignan and Villard 2002; Siddig et al. 2016) . Hence, 20 it is particularly interesting that the temporal trends captured by the bioaccumulation index 21 highlights strong difference between two co-occurring indicator species in mercury 22 bioaccumulation. And studies on fish mercury bioaccumulation have often stressed on growth 23 dilution as a key modulatory mechanism, however the potential of growth dilution to affect 24 large-scale fish mercury dynamics has not been explicitly tested so far. In this respect, our study 25 demonstrates for the first time that temperature-driven growth dilution has very weak modulatory 26 effect on broad-scale mercury bioaccumulation patterns. From a climate change perspective, this 27 implies change in fish mercury levels as consequence of warming climate is a complex process 28 that goes beyond temperature-driven growth dilution effect. 29
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